Quaternary Science Reviews 27 (2008) 2303-2315

Contents lists available at ScienceDirect

QUATERNARY

Quaternary Science Reviews

journal homepage: www.elsevier.com/locate/quascirev

The climate in Europe during the Eemian: a multi-method approach
using pollen data

S. Brewer ®*, J. Guiot?, M.F. Sanchez-Goiii, S. Klotz ®

2 CEREGE, CNRS/Université Paul Cézanne UMR 6635, BP 80, F-13545 Aix-en-Provence cedex France
b EPHE, UMR-CNRS 5805, EPOC, Université Bordeaux 1, Avenue des Facultés, 33405 Talence, France
CInstitut fiir Geowissenschaften Sigwartstr. 10, D-72076 Tiibingen Germany

ARTICLE INFO ABSTRACT

Article history:

Received 22 November 2007
Received in revised form 18 July 2008
Accepted 29 August 2008

The Last Interglacial period, the Eemian, offers a testbed for comparing climate evolution throughout an
interglacial with the current warm period. We present here results from climatic reconstructions from 17
sites distributed across the European continent, allowing an assessment of trends and regional averages
of climate changes during this period. We use a multi-method approach to allow for an improved
assessment of the uncertainties involved in the reconstruction. In addition, the method takes into
account the errors associated with the age model. The resulting uncertainties are large, but allow a more
robust assessment of the reconstructed climatic variations than in previous studies. The results show
a traditional three-part Eemian, with an early optimum, followed by slight cooling and eventually a sharp
drop in both temperatures and precipitation. This sequence is however, restricted to the north, as this
latter change is not observed in the south where temperatures remain stable for longer. These variations
led to marked variation in the latitudinal temperature gradient during the Eemian. The difference
between the two regions is also noticeable in the magnitude of changes, with greater variations in the
north than the south. Some evidence is found for changes in lapse rates, however, a greater number of

sites is needed to confirm this.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The Quaternary epoch is characterised by marked variations
between long glacial periods and shorter interglacial periods, such
as the current period, the Holocene. The previous interglacial, the
Eemian, occurred between approximately 128,000 and 115,000
years before present (BP), and was characterised by temperatures
that were as warm or warmer than the present (Kukla et al., 2002),
and with an expansion of forests throughout the European conti-
nent. The Eemian is roughly the equivalent of oxygen isotope stage
5e, although a lag of several thousand years has been described
between the start of OIS 5e and the beginning of the terrestrial
Eemian records (Shackleton et al., 2003).

The interest in studying the climate during this period stems
from the fact that it provides the most recent analogue for the
current interglacial period. It allows the study of the climatic
evolution throughout an interglacial period, and in addition, during
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a period with no human impact (Cheddadi et al., 1998). A second
point of interest is that the orbital configuration preceding the
glaciation that followed the Eemian is similar to the current
configuration (Kukla and Gavin, 1992), although the amplitude of
the present-day insolation change is weaker, and the duration of
the period is expected to be different (Berger and Loutre, 2002).

In Europe, changes in the vegetation during this period have
been studied using long pollen sequences from a wide distribution
of sites (see Klotz et al. (2004), for review). In general, the early
Eemian is characterised by the expansion of birch (Betula) and
pine (Pinus) forests, replacing wide-spread steppic environments.
The pine-birch forests were then replaced by oak (Quercus)
forests, which, in turn, gave way to hazel (Corylus). The hornbeam
(Carpinus) expanded its distribution later during the period, and
the presence of this taxon is one of the main features that
distinguish the Eemian from the Holocene. Following the
maximum of Carpinus, Picea and Abies forests spread and expand.
A return to pine-birch forests, with some Picea, marks the end of
the period, and these forests eventually are replaced by steppic
vegetation.

Palaeoclimate reconstructions have been made for a number of
these sites (Guiot et al., 1989; Cheddadi et al., 1998; Kiihl and Litt,
2003; Klotz et al., 2004) and have generally shown that the
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warmest and wettest conditions occur during the early part of the
Eemian, followed by a gradual decrease in temperatures and
reduction in precipitation. The Eemian was originally considered to
be climatically stable, but recent studies have shown the occur-
rence of a number of abrupt, but weak amplitude, cool and/or arid
events (Maslin and Tzedakis, 1996; Cheddadi et al., 1998; Sanchez-
Goili et al., 2005; Sirocko et al., 2005). A climatic analysis of the
sequence from Jammertal, South Germany by Miiller et al. (2005)
based on high pollen counts per fossil assemblage (>>2000 grains)
has allowed the determination of a ~ 1370 years cyclic cold events
during the Eemian.

These reconstructions are subject to a number of errors,
including in the estimation of ages for the sequence and in the
estimation of climate parameters. Sample ages are attributed by
some form of interpolation between control points. For the Eemian,
as sites cannot be dated using radiometric methods, the changes in
the vegetation are considered to be synchronous and are used to
establish correlations between sites. The climatic estimations are
based on the use of transfer functions, statistical models linking
climate variables and vegetation distribution. A number of different
models exist, and each method explores the climate-vegetation
relationship differently (Brewer et al., 2007). Variation amongst the
estimations obtained is therefore representative of the uncertainty
of our knowledge of this relationship.

In the current study, we attempt to reconstruct climate for 17
sites distributed across Europe (Table 1, Fig. 1), using a method
that takes into account the majority of the errors associated with
palaeoenvironmental reconstructions. We use a multi-method
approach to the reconstruction, in order to better assess the
uncertainties in the predictions, and we estimate errors linked to
the chronology of each site to assess the uncertainty linked with
the age-depth models. In contrast to recent Eemian studies that
have largely focused on variability during this period (Cheddadi
et al,, 1998; Klotz et al., 2003), the goal of this study is to identify
the major patterns of climate change during this period. Sanchez-
Goiii et al. (2005) have shown a gradual strengthening of both
vegetation and climatic gradients across Europe over the Last
Glacial inception. Here, we extend this work to examine changes
in this gradient throughout the Eemian on the basis of the
reconstructed climatic parameters. Results are shown here as time
series of climate parameters for two sites, average time series for
the entire study region and as spatial distributions of climate
changes for four key periods (127 kaBP, 123 ka BP, 117 ka BP and
109 ka BP).

Table 1
List of the fossil pollen diagrams used with the coordinates and references

Code Latitude Longitude Elevation Site Reference

1 47.73 6.50 330 La Grande Pile de Beaulieu (1977)

2 39.65 20.92 470 loannina Tzedakis (1993)

3 52.05 20.97 108 Golkow Janczyk-Kopikowa
(1966)

4 50.89 16.58 175 Imbramowice Mamakowa (1989)

5 47.06 7.51 649 Beerenmosli Wegmiiller (1992)

6 47.78 11.31 610 Eurach Beug (1979)

7 45.23 5.58 333 Flachére Peschke et al. (2000)

8 4791 9.95 662 Fiiramoos Miiller (2000)

9 48.06 9.53 578 Jammertal Miiller (2000)

10 45.75 6.14 452 Lathuile Hahne (unpubl.)

11 47.75 12.2 660 Samerberg Griiger (1979)

12 50.19 6.59 423.5 Eiffel Maar Sirocko et al. (2005)

13 50.17 6.84 402.5 Hoher List (Eiffel) Sirocko et al. (2005)

14 45.83 5.00 267 Les Echets Wioillard (1978)

15 42.15 -9.68 0.0 MD99-2331 Sanchez-Goiii et al.
(2005)

16 37.78 -10.15 0.0 MD95-2042 Sanchez-Goni et al.
(1999)

17 40.94 15.6 1326 Monticchio Allen et al. (1999)
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Fig. 1. Distribution of fossil sites used in the reconstruction. The numbers refer toTable 1.

2. Data

The reconstructions are based on a set of modern pollen data,
covering most of the western European continent, and a series of
fossil pollen sequences covering all or most of the Eemian period
and subsequent transition into glacial period.

The modern data are a subset of those used by Davis et al.
(2003). They are composed of 868 modern samples of 103 taxa.
These samples have been grouped using the method of plant
functional types (pft) (Peyron et al., 1998). The use of pfts, rather
than taxa, helps to limit the problem of missing analogues of past
vegetation. A set of 17 groups was retained. Six climatic variables
were selected: mean temperature of the coldest month (MTCO),
growing-degree-days above 5°C (GDD5, not discussed here), total
annual precipitation (PREC), mean temperature of the warmest
month (MTWA), mean annual temperature (TANN), ratio of actual
evapotranspiration over equilibrium evapotranspiration (ALPHA,
not discussed here).

The fossil data used for the climate reconstruction are taken
from 17 sites with an uneven distribution across Europe (Table 1;
Fig. 1). Fifteen of these are continental cores and two are marine
cores (15, 16). The taxa in the fossil samples have also been grouped
into 18 pft as for the modern data. The fossil sites are, however,
restricted in latitude with no high latitude sites present.

3. Methods
3.1. The reconstruction techniques

We adopt a multi-method approach to better assess the error of
reconstruction. We have chosen seven methods, including most
standard methods used in climate reconstruction. Following ter
Braak et al. (1993), the calibration is carried out between an
environmental vector y (y;, i=1, ..., n) and a matrix of pollen
assemblages X (xj5,i=1,...,n,j=1, ..., m). The subscript i (from 1 to
n) represents the number of the surface samples where the m taxa
are recorded (the columns of X) and where the environmental
variables are to be reconstructed. The traditional equation of
a transfer function can be written as follows

n
y:ijxj:Xb (l)
j=0
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Fig. 2. La Grande Pile: reconstruction of precipitation PREC (a) and mean temperature of the coldest month (MTCO) (b) using the 7 methods. Monticchio: reconstruction of PREC (c)

and MTCO (d) using the 7 methods. Horizontal axis represents the time scale in ka BP.

The first method used is partial least squares analysis (PLS). PLS
maximizes the covariance between the predictand and a linear combination
of the species with the condition that the norm of b is equal to 1. The quantity
C to be maximized for the first component is
!
C = Z—ywherez = Xb (2)
b'b

z being a linear combination of the species abundance: the analysis
aims to find the linear combination that maximizes the covariance
with the environmental parameter. Subsequent components must
be orthogonal to the first one and together.

The second method is weighted average partial least squares
(WA-PLS). WA-PLS is related to correspondence analysis as PLS is
related to principal component analysis (ter Braak et al., 1993). WA-
PLS searches for a vector u with weighted norm equal to 1 that
maximizes C:

Z'Ry 1
C= mwherez =R 'Xu (3)
The following components are found in the same way as in the
previous analyses, but with the additional condition that they are
R-orthogonal. A particular case of this analysis is weighted aver-
aging method (WA) where only one component is retained. The
score uy is then given by the average of the environmental
parameters on the n observations weighted by the abundance of
the kth species (this corresponds to the first factor or component).
The score obtained gives an indication of where the optimum of

species k occurs in the environmental domain, and y is recon-
structed by averaging the m values of u; weighted by the species
abundances in the analysed sample (this corresponds to the
regression).

The third method is generalized additive models (GAM) (Hastie
and Tibshirani, 1990) which extends traditional regression by
replacing 31" bjx; in (1) by 3" bjfi(x;). Since the functions can
be non-linear, GAM belongs to a non-linear family of methods. It is
also a non-parametric method in the sense that it is not necessary
to know the analytical form of f; (x;). Usually, the function used is
a spline function, which is very flexible and makes this model very
efficient. The locally weighted regression proposed by Cleveland
and Devlin (1988) fits a surface to the data in a multidimensional
space by using the family of the spline functions. Gersonde et al.
(2005) used GAM to estimate the sea-ice concentration from
diatom assemblages during the Last Glacial Maximum (LGM,
21 kaBP).

The fourth method is also a non-linear method, artificial neural
network (ANN). This consists of a number of simple and inter-
connected processors called neurons. A signal coming from input
variables, the species assemblages, passes through these neurons to
reach the output variables, the environmental variables. The inter-
connections are defined by coefficients which are iteratively tuned
to find the best fit with the output variables. In most common use,
the architecture of the ANN is composed of one hidden layer with
a number of neurons, depending on the complexity of the problem.
At each neuron, the incoming signal is transformed by a non-linear
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Fig. 3. La Grande Pile: summary of the reconstruction of annual precipitation (PREC) (a) and mean temperature of the coldest month (MTCO) (b). Lago di Monticchio: summary of
the reconstruction of PREC (c) and MTCO (d). The dark grey zone indicates the interquartile interval taking into account the uncertainties on time scale and reconstruction (see text)
and the light grey indicates the 90% confidence interval. Horizontal axis represents the time scale in ka BP. The horizontal red line indicates the modern value and the vertical blue

lines indicate the time periods of interest.

function and sent to the next layer. An example of possible activation
function is the sigmoid function, which translates the input in the [0,
1] domain and attenuates extreme values. This function introduces
non-linearity in the model. The process of estimating the adjustable
coefficients is called training. Several iterations are required for this
process. One of the most commonly used ANN methods is the feed-
forward network trained with the back-propagation learning
algorithm. It was first used for reconstructions from pollen data by
Peyron et al. (1998).

One major issue with ANN is in finding the appropriate structure
of the network (number of neurons and hidden layers). No objec-
tive method exists for this, so instead a number of networks, with
different designs are tested, and the most satisfying one is selected.
The main guideline here is that the network chosen should be as
parsimonious as possible. Another issue is the number of iterations
needed during the training for correct calibration and reconstruc-
tion. It is important to stop the iterations before overestimation.
Because of its non-linear property, ANN may fit the training data set
very well, including the noise inherent to any data set, which can
restrict its ability to make correct predictions outside of the range
of the training set. To avoid such a problem, the training data set is
divided into two subsets where one is used for calibration and the
other is used for independent verification: when the verification
error increases and becomes too large, the iterations have to be
stopped. This is called early stopping.

The following methods do not require real calibration and are
based on the comparison of past assemblages to modern
assemblages.

The modern analogue technique (MAT) is based on the collec-
tion and analysis of a large number of modern or surface samples
representing the same type(s) of sedimentary environment as the
fossil samples from which microfossil assemblages have been
recorded. Fossil assemblages may contain combinations of taxa that
respond to different aspects of the environment. In such cases, it
may be preferable to weight the taxa according to their sensitivity
against the environmental variables to be reconstructed. The
simplest weighting is the exclusion from the assemblages of taxa
that do not display a response to any of the environmental variables
being reconstructed. Another method of weighting is given by the
loadings of the first principal component of the modern data
(Guiot, 1990). The fifth and sixth methods used correspond to
unweighted and weighted MAT reconstruction.

An appropriate distance measure is required in order to evaluate
the degree of dissimilarity between fossil and modern samples. In
most cases, MAT is used with microfossil data that are expressed as
percentage values. It is possible to use a variety of distance measures
with percentage data, with data transformations reducing the
influence of ubiquitous taxa that are often more abundant in the
assemblages. The most widely used distance measure is known as
the chord distance, which is particularly effective with percentage
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data (Overpeck et al., 1985) and may be computed using the formula
below:

m 2
d = > (VP — V/Pik) (4)
k=0
where m is the number of taxa, pj (resp. pj) is the proportion of
taxon k in fossil assemblage i (resp. modern assemblage j), dizj is the
squared chord distance between assemblages j and i. The smaller
the chord distance is, the greater the degree of analogy between the
two samples. Thus, paleoenvironmental reconstructions are based
on a small number of modern samples that are the most similar to
the fossil sample. The dispersion of the analogues around the
reconstructed value provides a partial estimate of the uncertainty,
which is related to the tolerance of the proxy to a relatively large
range of climatic conditions. However, this estimate does not
include any uncertainty related to the fitting error between the
climatic conditions. A minimum distance is established by a Monte
Carlo method (Guiot, 1990). We retain the 5-10 nearest analogues
with a distance inferior to this minimum. If less than 5 analogues
are found, no climate reconstruction is attempted for that sample.

For the weighted MAT, the taxa are weighted in (4) according to
their assumed relationship to the climate. The method was
proposed by Guiot et al. (1989) where the weights were obtained
from the first principal component of the fossil assemblages. Here,
we use the first principal component of the surface samples. With
such a weighting, we hope to emphasize the importance of taxa
that are coherent in space and therefore assumed to have coherent
climatic controls. The method is called MATw (weighted modern
analogue technique).

The final method used is the response surface method, in which
the taxa are remapped into environmental space using the modern
data set. The main method currently used is quantitative environ-
mental response surfaces (Bartlein and Prentice, 1986). In this
method, surfaces are fitted to the abundance values of each taxon used
for reconstructions. The abundance of the taxon at each grid point can
be fitted either by a flexible extrapolation technique such as locally
weighted regression (Cleveland and Devlin, 1988) based on tri-cube
weighting function (which is related to the GAM approach), or using
inverse distance weighted interpolation (Waelbroeck et al., 1998).

Having fitted response surfaces for the suite of taxa used in
reconstructions, the values for the taxa at each grid point can be
combined to provide a series of assemblages that may be consid-
ered as virtual analogues. Following this, the procedure is very
similar to that of MAT, with the 5 to 10 closest matching assem-
blages selected for each fossil assemblage and used to provide
a reconstruction and a confidence interval. The dissimilarity is
again conventionally measured using the chord distance.

In the response surface approach, the variation of taxa with
distributions independent of climate is smoothed and thus
removed by the procedure used to fit the surface. Therefore, if the
principal cause of variability of a taxon is non-climatic, the response
surface is flat and the taxon contributes little to the choice of
analogues. As the new potential assemblages are sampled on a grid,
each type of climate is evenly represented, which improves the
value of the confidence intervals. These two features represent the
greatest advantages of this method. We have adopted the revised
analogue technique (RAM) proposed by Waelbroeck et al. (1998)
where response surfaces have been used to generate new gridded
assemblages and combined with original assemblages to fill the
parts of the climatic space not covered by data.

3.2. Validation

Validation is an important step of the methodology. The modern
sample data set is split into two. The first part is used as calibration

data set and contains three-quarters of the observations and the
second part is used for independent verification and contains the
remaining quarter. The split is carried out as follows:

(1) the first principal component of the climatic variables is
calculated

(2) the observations are sorted along the gradient of this first PC

(3) each step of 16 observations, four observations are selected for
verification, so that the verification sequence is numbered (1, 2,
3,4,17,18,19, 20, 33, 34...)

This procedure is used to ensure that geographically close
observations are shared between the two groups, therefore
ensuring a maximum of independence of the observations.
Neighbouring observations along the first PC gradient are likely to
be geographically close and the selection by distant packets permits
to avoid such a risk.

The first group is used as a training data set for the methods
based on calibration (PLS, WA-PLS, GAM, ANN) or as a data set of
potential analogues for MAT and RAM. The second group is used as
an independent verification data set, i.e. the climate of this second
group is estimated by using the first group. For the calibration
group, the reconstructions are compared to the observed climate by
calculating the root square of mean squared error (RMSE) and the
determination coefficient (R?).

(5)

For the verification group, reconstructions and observations are
compared using the root square of mean squared error of prediction
(RMSEP) and the reduction of error RE

nv

RMSEP = | > (vi - 31’ (6)
i=0

RE — _M (7)
?io()h‘*?ic)

where y; is the estimation of y; based on the transfer function, nc is
the number of observations used for calibration, nv the number of
observations used for verification and y{ is the average of the
calibration observations.

The RMSE can be considered as indicating the quality of fit of the
chosen method to the modern data, whereas the RMSEP gives
a measure of the error of prediction. These values depend on the
relationship between pollen and data, but also the ability of the
method used to capture this relationship. The confidence intervals
of the predictions also take into account these problems and are
larger when RMSE is large. In addition, we consider that as the
different methods explore the relationship between the proxy and
the climate differently, the variability of predicted values between
the methods is a further indicator of uncertainty and can be added
to the uncertainty of each method taken separately. Another source
of error is the uncertainty from the time scale.

3.3. The time scale

As reliable radiometric dates cannot be obtained for the Eemian
period and the two colder periods that surround it, each of the
sequences used in this study has been dated on the basis of a set of
botanical events that are found in both the continental and marine
cores. The direct correlation between pollen and benthic isotopic
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stratigraphies from the southwestern Iberian margin core MD95-
2042 and from another deep-sea core, MD04-2845, located further
north in the Bay of Biscay (work in progress), suggests these major
botanical events to be synchronous despite difference in location of
more than 1000 km. In this work, the marine pollen sequences have
been dated, in contrast to previous studies (Shackleton et al., 2003;
Sanchez-Goiii et al., 2005), by correlating the ages of methane shifts
detected in ice cores with sea surface temperature changes in the
mid-latitudes of the north-eastern Atlantic. It has been demon-
strated that both rapid increases in methane and in sea surface
temperature are contemporaneous during the last deglaciation
(Severinghaus et al., 1998), and it can be assumed that this was the
case during the penultimate deglaciation and the following inter-
glacial (Waelbroeck et al., 2008). Sea surface temperature changes
are in turn synchronous with vegetation changes in western Europe
(Sanchez-Goiii et al., 2002). For the purposes of this study, in which
we examine mean climate variation during several different
periods of the Eemian, we therefore consider these events to be
synchronous across all sites used here. These events are shown in
Table 2.

For each site, the depth at which the event occurred was
identified, and a simple age-depth chronology built using linear
interpolation between samples, and an age attributed to each
sample. As one aim of this study is to provide a thorough assess-
ment of errors during the reconstruction process, the error arising
during this attribution was estimated using the method proposed
by Bennett (1994). At each control point, we randomly select an age
from a given range, the model is fitted, and an age is estimated for
each pollen sample. This is repeated 1000 times and confidence
intervals are obtained by using the 5th and 95th percentile of the
range of ages obtained for each pollen sample. As this method was
designed for the Holocene sequences, the range of possible ages is
taken from the errors arising from radiometric dating. As this
information was not available here, we have used a standard range
of +/— 1000 years, to account for uncertainty in the control points,
and to allow for a degree of non-synchroneity between sites.

3.4. The error assessment

The originality of our approach here is to integrate all these
sources of error. This is done when the reconstructions are inter-
polated at constant time intervals (500 years), for mapping and
large-scale averages (Fig. 4). The method is as follows:

(1) for each time t, we define an interval of t — 500 to t + 500 years,
noted I¢

(2) we consider all the samples tS; as belonging to I; if tS; + E; € I; or
I if tS; — E; &isin; Ir where E; is the error on the date; this allows
the error from the age model to be taken into account

(3) for each method, the reconstructed climate of all samples S;
belonging to the interval I; is averaged and so the confidence
intervals given by the method combined into a datatset

(4) for each climatic variables, we so obtain a series of 21 values,
three values (mean reconstruction MRy, lower LSy and upper
US;, standard deviations) for each of the 7 methods (k indexes
the method); these 21 values are used to define 7 half gaussian

Table 2

Pollen stratigraphical events used for dating by correlation with marine and ice core
Event Date Error
Start of Quercus 128.8 ka BP 1000 yr
Start of Carpinus 124.77 ka BP 1000 yr
Start of conifers 118.27 ka BP 1000 yr
Arboreal pollen \,, Artemisia ~ 110.47 ka BP 1000 yr
2nd start of Quercus 106.7 ka BP 1000 yr

distributions of mean MRy and standard deviations LS, and 7 of
mean MRy and standard deviations USi, from each 100 values
are extracted randomly; the 1400 values so generated are used
to defined the 5th, 25th, 50th, 75th and 95th percentiles of the
reconstruction at time t.

(5) this is repeated for all climatic variables and each time interval
t; time series spaced by 500 years are so obtained for each
climatic variables from 135 to 105 ka BP.

This method is not perfect as all the samples within the time
interval are given the same weight. The weight could be dependent
on the distance from the centre of I, however, this makes the
calculations significantly more complex. In addition, the recon-
struction errors of each method are not exactly equivalent, for ANN,
a bootstrap error is used, for MAT or RAM, the dispersion between
the analogues is used as a surrogate of the unknown error, and for
the other methods, the RMSE (on the calibration data) is considered
as the prediction error. However, the method does provide
a framework that can account for the errors arising from the various
analyses involved in climate reconstruction.

3.5. Average time series

As the aim of this study is to identify the major changes in
European climate during the Eemian, we have calculated a series of
average time series, based on the reconstructions taken from each
site. Following studies showing that temperatures underwent
different changes in northern and southern Europe during the
Holocene (Cheddadi et al., 1997; Davis et al., 2003) and the latter
part of the Eemian (Sanchez-Goiii et al., 2005), we have split the 17
sites at 45°N into a northern and southern set to investigate
different regional changes during the Eemian. This does not give an
equal split, with 13 sites in the northern set and 4 in the south.
However, this division was kept as the goal was to isolate changes
in Mediterranean sites from those in the centre and north of
Europe, and this provides a direct comparison with the Holocene
reconstructions of Davis et al. (2003).

Studies based on glacier Equilibrium Line Altitude (ELA) changes
have shown evidence for a change in the temperature lapse rate
(the relation between temperature and altitude) during the LGM
(Mark et al., 2005). As the 17 sites included in this study include
a range of elevations (0-1326 m), we have also looked for differ-
ences in climatic change according to altitude. For this, we calcu-
lated a linear relationship between temperature anomalies and site
elevation for each period studied (time periods prior to 130 ka BP
were ignored due to a low site density), and used changes in the
slope of this relation as an index of lapse rate changes. The results
are shown in Fig. 6.

Previous studies of Eemian climate change have put forward
evidence for changes in the distribution of temperature, both
seasonally (Cheddadi et al., 1998; Klotz et al., 2004) and spatially
(Kaspar et al., 2005; Gebhardt et al., 2007) during this period. We
have therefore chosen to show these changes throughout this
period as an average for the European region (Fig. 5) as well as the
spatial distribution of these changes for the chosen four periods
(Fig. 4).

4. Results

The first part of the results gives the validation of the seven
methods based on a modern sample data set split into a reference
(calibration) data set of 649 spectra and a verification data set of
219 spectra. The seven methods are then applied to the 17 fossil
diagrams. Reconstructions are shown for two key European sites
(La Grande Pile (Woillard, 1978) and Lago di Monticchio (Allen et al.,
1999)) and the variability between the different methods is
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Fig. 4. Maps of four periods of the Last Interglacial for four climatic variables expressed in terms of discrepancies from the modern value. The size of the circle indicates the
confidence level of the value: a dot indicates “no data”, a small circle indicates that the modern value belongs to the interquartile interval (confidence < 50%), a medium circle
indicates that the modern value does not belong to the interquartile interval but belongs to the 90% interval (confidence between 50% and 90%), a large circle indicates that the

modern value does not belong to the 90% interval (confidence < 90%).

discussed. Finally, the results from all 17 sites are integrated at
constant time intervals in order to provide a spatial analyses for
several time periods and average time series for the study area.

4.1. Validation on modern data

Table 3 provides the main statistics following the validation on
modern data. The calibration data set contains 648 observations
and the verification data set 219 observations. A number of
significant differences between the methods can be seen, both for
the calibration and the validation/verification. Two methods give
clearly better results than the other ones, especially for tempera-
ture: RAM and ANN. Precipitation values are generally poorly fitted
with the majority of methods, except RAM, where a high R? (0.86) is
obtained. As high precipitation (above 1000 mm) sites are quite
rare in the modern data set, it is hard to reconstruct precipitation

above 1000 mm. As the RAM method generates virtual samples
equally distributed from O to 2500 mm, it is possible for this
method to reconstruct very wet climates.

Another striking point is that the verification statistics are
generally no worse than the calibration statistics, despite the fact
that the selection of the verification data set was devised to mini-
mize the risk of spatial correlation between the calibration and
verification data sets.

4.2. The raw reconstructions

The seven methods were applied to the 17 cores of Table 1. The
results are illustrated with the two selected sites (Fig. 2). Temper-
ature reconstructions are reasonably coherent during the
interglacial, but a wider spread of estimates is found during colder
periods. Precipitation reconstructions are less coherent, but the
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Fig. 5. Average changes in temperature and precipitation for sites in the north (>45°N) and south of Europe (<45°N). Parameters shown are (a) mean temperature of the coldest
month (MTCO); (b) mean temperature of the warmest month (MTWA); (c) mean annual temperature (TANN); d) Annual precipitation (PREC).

differences during the interglacial remains similar to the uncer-
tainties of the methods (about 200 mm, see Table 3). Generally, we
can observe that the methods based on the analogues (MAT, MATw,
RAM) give very close results and the other methods give also
relatively clustered results. The analogue methods seem to give
a larger variability in time than the other methods, especially
during the cold periods. Table 4 summarizes the results by showing
the mean correlation and the mean difference between each pair of
methods. The mean correlations range from 0.72 to 0.91, with lower
values obtained for precipitation. The spread of individual corre-
lations between methods is relatively constrained as the minimal
correlations range from 0.54 to 0.80. These correlations may hide
systematic biases between the methods: for example a method
may be systematically colder than another. The mean differences
show that this is not true, as these mean differences are largely
lower than the RMSEP of Table 3. We conclude that generally, the
differences between methods are small, but they may be larger for
individual samples.

4.3. Interpolation at constant time step and error assessment

At each site, all climatic variables were then interpolated onto
a 500 year time step, taking into account a) the error on the time
scale as indicated in Table 2; b) the uncertainty of each method; and
c) the dispersion between the methods. Results for the two selected
sites are shown in Fig. 3. The confidence intervals are larger for
precipitation than for temperature, due to the difficulties in
reconstructing this parameter. As the values for each time period
are calculated as an unweighted average, the curves appear to be
very smooth. The start of the sequence at the Grande Pile indicates
cooler and dryer conditions prior to approximately 127 ka BP. These

were followed by a humid period at both sites that lasted until
117 ka BP. During this period, temperatures decrease, slightly
earlier in Italy than in France and the end of this period is charac-
terised by cool and wet. The subsequent increase in herbaceous
vegetation, is indicative of both reduced temperature and precipi-
tation - this is shown most clearly in the Grande Pile sequence. No
clear signal can be observed at Monticchio, and there is a clear
difference in the results obtained by the individual methods, here
the analogue methods show a positive trend while the other
methods give a negative trend (Fig. 2c).

4.4. Spatial analyses

We have selected four periods: 127 kaBP, the interglacial
optimum; 123 ka BP, following the optimum but with a Carpinus
vegetation replacing the Quercus vegetation, 117 ka BP, after a first
cooling, 109 ka BP, during the subsequent cold period. The climate
anomalies for these periods have been mapped, taking into account
the significance of the reconstructed change at each site (Fig. 4). A
summary description of the major changes is given below. It should
be noted that while the maps are rarely spatially homogeneous,
some large-scale trends can be identified.

e Few of the changes reconstructed for the 127 ka BP period are
significant, i.e. the change is smaller than the confidence
interval. Those changes that are significant show a dryer and
cooler south, and conditions close to the present in the north
for both temperature and precipitation. The southern cooling
appears to be dominated by changes in winter temperature,
with the exception of the low latitude marine core (MD95-
2042), in which little change from the present is shown.
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Fig. 6. a) Changes in lapse rate during the Eemian and subsequent periods averaged across all sites (C/km). The index is the slope of the linear relationship between annual
temperature anomalies and site elevation. Positive values indicate a weakening of the lapse rate and negative anomalies a strengthening of the lapse rate. Values close to zero
indicate a lapse rate close to that of today. Estimates prior to 130 ka BP have been ignored due to a low density of sites. (b) Seasonality changes for the Eemian period averaged across
all sites (C). Seasonality is defined here as the difference between summer (MTWA) and winter (MTCO) temperatures. High values therefore correspond to a highly seasonal or
continental climate, low values correspond to a less seasonal or oceanic climate. (c) Changes in the land-sea temperature contrast throughout the Eemian (C).

e Conditions during the 123 ka BP period remained dryer than
present, but were wetter than the previous period. Precipitation
decreases inland in contrast to the marine core MD95-2042, in
which an increase of precipitation is estimated. This suggests
a possible change in the land-sea precipitation gradient, with
less water transported across the continent. The reconstructed
temperatures are generally warmer than present, or similar to
modern values. Exceptions to this are found throughout the
Alpine region, with a marked trend towards cooling in the
eastern Alps.

Table 3

RMSE and R? by method and by climatic variable for calibration. RMSEP and RE by
method and by climatic variable for independent verification. See text for
explanations

Method GDD5
Calibration RMSE (R?)

MTCO PREC ALPHA MTWA TANN

PLS 1292.7 (0.62) 7.3(0.76) 234 (0.47) 13.7 (0.73) 4.2 (0.51) 4.6 (0.76)
WA-PLS 1248 (0.65) 7.5(0.75) 230(0.49) 13.3(0.75) 4.5(0.43) 4.6(0.76)
GAM 1138 (0.71) 71 (0.77) 222(0.53) 12.2(0.79) 3.7 (0.60) 4.2 (0.79)
MAT 1175 (0.69) 6.6 (0.81) 226 (0.51) 13.3(0.75) 3.9 (0.56) 4.2 (0.80)
MATw 1277 (0.63) 7.6(0.74) 239(0.45) 14.4(0.70) 4.2 (0.51) 4.7 (0.75)
RAM 991 (0.78) 5.3 (0.87) 250 (0.85) 11.1 (0.86) 3.6 (0.75) 3.6 (0.85)
ANN 1001 (0.77) 5.6(0.85) 212 (0.57) 11.9 (0.80) 3.4 (0.67) 3.4 (0.87)
Verification RMSEP (RE)

PLS 1279 (0.64) 7.1(0.78) 202.2 (0.49) 14.1 (0.74) 4.2 (0.52) 4.5 (0.78)
WA-PLS 1348 (0.60) 8.0 (0.71) 206 (0.47) 15.3 (0.69) 4.4(0.48) 5.1(0.71)
GAM 1137 (0.72) 7.4 (0.76) 193 (0.54) 12.8 (0.78) 3.7 (0.64) 4.3 (0.79)
MAT 1165 (0.70) 7.1 (0.78) 229 (0.35) 13.9(0.75) 3.7 (0.64) 4.4(0.79)
MATwW 1295 (0.63) 8.2(0.70) 239 (0.29) 14.9 (0.71) 4.0 (0.56) 5.0 (0.72)
RAM 1089 (0.74) 5.4 (0.87) 241 (0.86) 10.1(0.87) 3.7 (0.75) 3.9 (0.84)
ANN 982(0.79) 5.9(0.84) 191 (0.55) 12.4(0.80) 3.3(0.71) 3.4(0.87)

e Increases in precipitation occur within the Alpine sites during
the 117 ka BP period, sites at lower altitudes remain dryer than
present. In the south, there is an increase in precipitation in the
west and a drying in the east. A cooling occurs at all sites, with
the greatest amplitude of changes in the south.

e The 109 ka BP period correspond to an interstadial (MIS 5d)
and is characterised by a general change towards colder
temperatures and dryer conditions in central Europe than the
previous period. In southern Europe, there is a marked differ-
ence between east and west, with close to present-day
temperatures and slightly wetter conditions in the west and
higher continentality and reduced precipitation in the east.

4.5. Lapse rate and seasonality changes

As these estimates are based on a relatively small data set (17
sites), interpretations must be made with caution, however, two
quite clear trends can be observed. The first is a period of weak
lapse rates between 130 and 125 ka BP, and the second a period of

Table 4

Mean correlation, min correlation and mean differences between the seven methods
for the six climate variables, based on comparison between each method and the six
other methods

Variable Mean correlation Min correlation Difference
GDD5 0.85 0.76 628°-days
MTCO 0.88 0.70 6.7°C
PREC 0.72 0.54 161 mm
E/PE 0.80 0.65 9.1%
MTWA 0.78 0.63 2.1°C
TANN 0.91 0.80 3.5°C
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close to present or slightly stronger lapse rates, after 125 ka BP. On
the basis of these results, a change in the lapse rate over the
European continent occurred during the Eemian period, at
approximately 125 ka BP. This change appears counter-intuitive as
it corresponds to increasing precipitation, which may be expected
to weaken the adiabatic lapse rate. Two possible explanations for
this may be proposed: firstly, that the dryer conditions of the first
period occurred mainly at low latitude sites, whereas the majority
of higher altitude sites are situated in and around the Alpine chain
where precipitation changes were either negligible or positive.
Alternatively, the cooling is not related to lapse rate changes, but is
a regional change: this earlier period corresponds to cooler
conditions at sites in the south of Europe, which are at relatively
lower altitudes (Fig. 2). As such it may not be possible to distin-
guish between a latitudinal and altitudinal temperature gradient
for this period, without a greater density of sites. Subsequently,
the lapse rate strengthens and returns values close or stronger
than the modern value. The spatial distribution of values indicates
cooling along the Alpine chain, with warming at lower altitudes,
appearing to confirm an altitudinal temperature gradient. By
109 kaBP, the cooling appears to be much greater across the
Alpine chain, than in the low lands, supporting a possible
strengthening of the lapse rate with the start of the stadial period,
this is in agreement with other lapse rate reconstructions from
glacial periods (Mark et al., 2005).

The seasonality changes show marked changes with a highly
seasonal or continental climate at the start of the Eemian. This is
followed by an abrupt change to a period with a much reduced
intra-annual temperature difference, shortly after 129 ka BP, that
lasts until 120 ka BP. The climate then becomes progressively more
seasonal, until it reaches pre-Eemian values by approximately
115 ka BP. Changes in seasonality appear to be largely driven by the
higher amplitude MTCO changes, and it is interesting to note that
these show an opposite trend to changes in seasonal insolation.
This is discussed below.

5. Discussion

The available Eemian sequences vary in quality, in particular, the
temporal resolution is very variable from site to site. Combining the
sites by mapping or by examining large-scale trends and gradients
helps to identify the major changes in Europe during the Eemian.
The discussion here will therefore focus on these changes rather
than any higher frequency variability.

5.1. Climate evolution during the Eemian and comparison with
previous studies

5.1.1. End of Rissian glacial

The period preceding the start of the Eemian is shown here to be
characterised by wide-spread colder and dryer conditions than the
present day. This period has been rarely focused on in previous
studies, however, where the results are available a similar pattern is
shown (e.g. Cheddadi et al., 1998). Klotz et al. (2003) observed full
continental conditions at a set of Alpine sites for this period, which
agrees with the high seasonality shown in Fig. 6. These changes
were not homogeneous: estimations of the land-sea contrast show
a much weaker difference between the oceanic regions and the
interior, suggesting a marked reduction in the transport of heat
from the Atlantic ocean, reflecting the changes in the Gulf stream.
The reduction of temperature during this period appears to be
much greater in the northern part of Europe, than the south (Fig. 5).
This gradient of changes is similar to that observed in reconstruc-
tions for the LGM (Peyron et al., 1998; Jost et al., 2005; Wu et al,,
2007), and is likely to result directly or indirectly from the presence
of high latitude ice sheets.

5.1.2. Early Eemian

The transition to the early Eemian is marked by a rapid rise in
temperature and slightly slower increase in precipitation across
Europe. This is one of the most characteristic features of the Eemian
climate evolution and has been previously observed in a number of
studies (Guiot et al., 1989; Cheddadi et al., 1998; Klotz et al., 2003;
Kiihl and Litt, 2003; Sanchez-Goni et al., 1999; Sanchez-Goiii et al.,
2005). The time series of anomalies presented here (Fig. 5) suggest
that, despite this rapid warming, when taken as a continental
average, the climate of this period was very close to modern values.
This contrasts to many existing studies, in which the climate of the
early Eemian is characterised as warmer and wetter than the
present-day (Guiot et al., 1989; Field et al., 1994). However, as in
the previous period, our results show changes during this period to
be heterogeneous, with greater winter warming in the centre and
north-east of Europe than in the west and north-west. Other
studies of the spatial distribution of temperature changes during
this period have shown similar trends in MTCO, with the largest
positive anomalies around the Baltic Sea, and negative anomalies in
the south (Kaspar et al., 2005; Gebhardt et al., 2007). Summer
temperature changes follow a similar pattern in the results pre-
sented here, with positive anomalies occurring further inland. This
is in partial agreement with the study by Kaspar et al. (2005), who
show a trend of increasing positive anomalies from west to east.
However, Gebhardt et al. (2007) show an opposite trend with
positive anomalies centred over north-western Europe, and nega-
tive anomalies in the south east.

Kaspar et al. (2005) compared their reconstructions to temper-
atures simulated by the coupled ECHO-G model for the early
Eemian. They obtained similar patterns of temperature change as
those found here, with winter warming in north-eastern Europe
and an east-west gradient of summer temperature anomalies. The
origin of the changes in winter were attributed to either greater
advection of warmth from the Atlantic by stronger westerlies, or by
a reduction in surface albedo in the Barents Sea. At the maximum
increase in temperatures in our reconstruction (at approximately
125-126 ka BP), the temperature anomaly in the south of Europe is
smaller than that in the north. This indicates a weakened latitudinal
temperature gradient, which although this does not agree with the
hypothesis of increased westerlies proposed by Kaspar et al. (2005),
may suggest that a shift in the position of these winds took place
during this period, with greater advection at mid to high latitudes.

As the larger changes in temperature occur in MTCO, there is
a subsequent change in seasonality during this period, with
a weakening of the seasonal contrast. This switch from a highly
continental climate prior to the Eemian, to an oceanic climate
during the early Eemian has been previously noted by Cheddadi
et al. (1998) and Klotz et al. (2003) for west-central Europe. In the
Mediterranean region, the climate changes from continental or
semi-desertic to Mediterranean climate (Sanchez-Goni et al., 1999).
More surprisingly, the lapse rate remains stronger than present
during most of this period, although it slowly weakens towards
modern values. This slow change follows the trend in precipitation
(Fig. 5), which takes much longer than the temperature to reach
modern values.

5.1.3. Mid-Eemian

During the mid-Eemian, characterised by the arrival of Carpinus
at many sites, there is a general decline in temperatures. This
decline is in agreement with the values obtained by Cheddadi et al.
(1998), Field et al. (1994) and Rioul et al. (2001) but later studies
based on a different reconstruction method show stable tempera-
tures during this time (Klotz et al., 2003; Kiihl and Litt, 2003). The
difference in the results obtained has been mainly attributed to the
climatic interpretation of Carpinus by different reconstruction
methods. Methods that consider only the presence/absence of
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species assign a winter optimum of 0°C to this taxon, whereas
methods based on abundances assign a lower value of approxi-
mately —8°C. Kiihl and Litt (2003) have suggested that the
abundance of this taxon (and Picea, another key Eemian taxon) may
be limited today due to non-climatic factors, including competition
with other tree taxa.

We have attempted to limit the bias due to an inadequate set of
modern analogues by using PFT scores (Peyron et al., 1998). In
theory, if a given taxon is absent from a sample, it should be
replaced by a taxon from the same functional group, thus reducing
the no-analogue problem. Therefore a taxon that is absent or in low
values in the modern data set, but abundant in fossil samples, such
as Carpinus, will be compensated by functionally similar taxa, such
as Fagus, that is present in the modern data, but rare in the fossil
data. Changes in the abundances of functional groups are consid-
ered to be climate related, whereas changes in the dominance of
taxa from the same group are ignored.

The results obtained here suggest that whilst some winter
cooling took place, it was mainly restricted to the north of the
continent, with southern temperatures remaining stable (Fig. 5).
This difference is consistent with the north-south comparison by
Sanchez-Goiii et al. (2005) who note that the first winter cooling in
the south of the Iberian peninsula is later than in the north. The
reduction of northerly temperatures would have led to a slight
strengthening of the Latitudinal Temperature Gradient (LTG), and
this period may have therefore been accompanied by increased
westerlies. There is, however, little change in precipitation during
this time to support this. The maps, however, indicate a more
complex picture of changes, with mixed positive and negative
anomalies in the north. This suggests that obtaining a clear climate
signal for these pollen spectra remains problematic, due to insuf-
ficient modern knowledge, and this remains a difficult period, due
to the presence of a flora that is unknown in Europe today.

5.14. Termination of Eemian and start of glacial

The results show that the decrease in temperatures and
increasingly dry conditions that began during the Mid-Eemian
continue and accelerate after approximately 120 kaBP. This is
slightly later than the start of cooling recorded in GRIP (NorthGRIP
Members, 2004). The decrease is consistent with the results of
previous studies, although greater cooling has been found in
studies based on an analogue approach (Cheddadi et al., 1998) than
an indicator species approach (Klotz et al., 2003; Kiihl and Litt,
2003) or oxygen isotope estimations (Rioul et al., 2001). The greater
decrease in winter temperatures than summer leads to an overall
increase in seasonality, supporting the return to a more continental
climate as previously observed (Cheddadi et al., 1998; Rioul et al.,
2001; Klotz et al., 2003; Sanchez-Goiii et al., 2005). However, this
reduction appears to be restricted to the north of the continent,
with little or no change observed in the south. This agrees with
studies of individual sites showing that the cooling occurs nearly
5 ka later in the south (Lago di Monticchio, (Allen et al., 1999)), and
the latitudinal gradient in the timing of vegetation change across
Europe (Sanchez-Goiii et al., 2005). The increasing drought in the
north appears to be compensated for by a stable or even increased
annual precipitation in the south.

The transition to the glacial period is relatively slower than the
transition out of glacial period at the start of the Eemian, suggesting
that the factors driving this change are more complex. Experiments
with coupled ocean-atmosphere GCMs have shown that although
the decrease in insolation is insufficient to cause the observed
changes, a reduction of the thermohaline circulation (Khodri et al.,
2001) may have forced the inception of a glacial state. This is sup-
ported by the timing of the cooling seen in North Atlantic SST
reconstructions (Cortijo et al., 1994, 1999). In particular, the reduc-
tion of summer insolation (Berger, 1978), and increased northward

transport of winter moisture (Khodri et al., 2001) led to perennial
sea-ice and snow cover, which then acted as a feedback to increase
cooling. The increase in winter insolation appears to contradict the
decrease in winter temperatures observed here, but has been shown
by Crucifix and Loutre (2002) to have a weakening effect on the
thermohaline circulation, thus amplifying the effect of summer
cooling in the North Atlantic.

Further experiments have shown that these changes were
further reinforced by feedbacks due to changes in vegetation,
notably the southward shift of the treeline and replacement by
tundra (Gallimore and Kutzbach, 1996; de Noblet et al., 1996;
Crucifix and Loutre, 2002; Kageyama et al., 2004). The resulting
increase in albedo both amplifies the effects of reduced summer
insolation and helps to counter the increase in winter insolation.
Kageyama et al. (2004) have shown that, in the absence of these
feedbacks provided by changes in vegetation cover, ice sheets
cannot develop.

5.2. Comparison with the Holocene interglacial

One of the main interests in studying the Eemian is that it
provides an entire interglacial period, against which the current
interglacial may be compared, including the transition into a glacial
state. Here we compare some of the features of the European
Eemian climate evolution against a synthetic view of European
temperature change during the Holocene (Davis et al., 2003). One
of the main features in both periods is an abrupt rise in tempera-
tures at the beginning of the period. The similarity goes further in
that both the seasonal differences (larger change in MTCO than
MTWA) and the regional changes (larger change in north than
south) are similar in the two periods. A comparison of actual values
(not shown) shows that the increase in temperature at the start of
each period was slightly higher during the Eemian. As the Davis
et al. (2003) study starts at 12 ka BP, it may not capture all the early
Holocene temperature rise. The transition between the Last Glacial
period and the Holocene was marked by a series of fluctuations
between interstadials and stadials (Alley, 2000). The temporal
resolution of the current study is insufficient to identify such
changes, however, the cold and short post-Zeifen interstadial event
has been observed at certain high resolution sites (Sanchez-Goni
et al., 1999; Sanchez-Goiii et al., 2000, 2005), although a recent
study of the varve sequence from Lago di Monticchio did not find
any evidence for this (Brauer et al., 2007).

Following the early Holocene rise, average European tempera-
tures remained relatively stable throughout the rest of the period.
In contrast, a different and opposing evolution of temperatures was
shown between the north and south (Davis et al., 2003). Differences
between the north and south of Europe have also been previously
noted for the Eemian (Sanchez-Goiii et al., 2000, 2005), and are
confirmed here in the analysis of latitudinal differences. Fig. 5
shows positive anomalies in north during the Eemian optimum,
whereas in the south, temperatures remained lower than present
throughout. The distribution of anomalies during the Eemian
optimum therefore resembles that observed for the mid-Holocene,
with a warmer north and cooler south (Cheddadi et al., 1997; Davis
et al., 2003). Unlike the Holocene, however, little change is seen in
precipitation for this period.

The changing distribution of temperatures translates into
a change in the LTG across Europe, with a winter gradient that is
weaker during the Eemian optimum (125 kaBP) and stronger
during the glacial periods and the transition to these periods
(Sanchez-Goiii et al, 2005). In summer, the warming over
northern Europe leads to a LTG that is much weaker than present
at approximately 125 kaBP, and remains so until approximately
117 ka BP. If these changes are taken as representative of larger
scale changes in the Equator-Pole gradient, they equally represent
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changes in the circulation across the continent. The question
remains if this north-south difference is really representative of
the synoptic circulation, or is simply an artefact of the site
distribution.

The reconstructed changes in the LTG shown here agree with
a gradual strengthening of the equator-pole gradient of annual
insolation between 125 and 115 ka BP (Crucifix and Loutre, 2002;
Kaspar and Cubasch, 2007). Climate simulations for this period
have equally shown a weaker summer temperature gradient for the
Northern Hemsiphere at 125 ka BP and a stronger summer gradient
at 115 ka BP (Kaspar and Cubasch, 2007). In both cases, the changes
are mainly driven by high latitude variations. In a regional study of
simulated and reconstructed Eemian climate, Kaspar et al. (2005)
showed the presence of a weaker winter gradient over the Euro-
pean continent, although the changes in summer are less clear, due
to an increased westerly flow over Europe bringing increased
warmth.

5.3. Duration of the Eemian interglacial

This latitudinal difference is also noticeable in the timing of the
Eemian period. If the Eemian is defined by a period of warmer
temperatures following the Riss glacial period, our results show its
duration to have been approximately 12 ka in the north, but
somewhat longer (approx. 20 ka) in the south. The duration of the
Eemian has been the subject of extensive debate (Kukla et al., 1997),
which has yet to be resolved. The results presented here suggest
that this problem may be due to a fundamental zonal difference in
the timing of the end of the warm period. Changes in summer
insolation (Berger, 1978) across this period show a reduction
agreement with the reduction of temperatures in the north of
Europe. However, the southern sites appear to have been buffered
against this, resulting in strong climatic gradients across the
continent (Fig. 5), an effect previously noted by Miiller and Kukla
(2004) and Sanchez-Goiii et al. (2005).

A potential mechanism for this buffer would have been a partial,
rather than full reduction in the thermohaline circulation, allowing
sufficient warmth to reach the south of Europe to mitigate the
effects of the insolation loss. In a study of 8 marine sequences
located along the path of the Gulf Stream in the North Atlantic,
Cortijo et al. (1999) have shown a difference in the timing of the
post-Eemian cooling, with this occurring earlier at high latitudes.
This trend supports the idea of a gradual reduction in the ther-
mohaline circulation, which would have continued to provide
warmth to the south, if not the north, of the continent. Further to
this, the reduction in temperatures in the north may have been
amplified by the presence of perennial snow and sea-ice, with
a resulting increase in albedo (Khodri et al., 2001; Crucifix and
Loutre, 2002).

6. Conclusions

We have used an original multi-method approach to reconstruct
the large-scale changes of climate during the Last Interglacial, the
Eemian. This method takes into account the various sources of
errors: time scale, various errors coming from the fact that the
modern data set is not perfect, not all methods are able to correctly
fit the data for a number of reasons including non-linearity, lack of
analogues, etc. However, each method provides different infor-
mation about the species—environment relationship and this may
be used to better assess the uncertainties involved in reconstruct-
ing past climates. When all errors are taken into account, the
uncertainties on the reconstructions are unsurprisingly large, and
there is a certain amount of variability in the mapped values.
Despite this, it is possible to identify a number of trends within the
changes, by looking at the ensemble of sites.

The traditional view of an Eemian period in three parts is
supported by these results: early optimum, followed by slight
cooling during the Carpinus phase, followed by a sharp drop in
temperatures and precipitation with the return of a coniferous
vegetation. However, this set of changes appears restricted to the
north, with a very different set of changes in south. In the south,
there is a slight development of Carpinus at ~123 ka BP, indicating
that the slight cooling reaches south to southern Iberia. Following
an early rise in temperatures, the Eemian climate of the south of
Europe appears to have remained warm over a long period, sug-
gesting the insolation changes at the transition into a glacial state
were buffered.

Further, the changes in the north were of a greater magnitude
than in the south, in part due to a large reduction in temperatures
during the glacial period preceding the Eemian, and in part due to
the stability of the southern climate. These changes indicate
important changes in the latitudinal temperature gradient over
Europe. While similar changes are shown in winter and summer
temperatures, the magnitude of the winter changes is much
greater, and changes in seasonality show the Eemian to have been
characterised by a highly oceanic climate in central and western
Europe and a Mediterranean climate in the south, in contrast to the
continental climate of the preceding and following periods.

As with the LGM, a stronger lapse rate is reconstructed in the
glacial period, which gradually becomes weaker throughout the
Eemian. This remains speculative, due to the low number of sites,
and further data would be required to verify this.

The method proposed here has several limitations, including
constant weighting of different samples in the interpolation
process, or the use of different ways of calculating errors in the
various individual methods. The method does, however, provide
a better way to account for errors within the reconstruction process
than the majority of contemporary techniques, and helps to obtain
more robust estimations of past climate change.
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